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Current eﬀorts in surface functionalization have not produced a robust technique capable of creating speciﬁc two-dimensional
microscale geometrical arrays composed of multiple proteins. Such a capability is desirable for engineering substrates in sensing
and cell patterning applications where at least two diﬀerent protein functionalities in a speciﬁc conﬁguration are required. Here we
introduce a new approach for the creation of arrays of microscale geometries. We demonstrate our approach with a biomimetic
structure inspired by the immunological synapse, a cell-cell interfacial structure characterized by two concentric rings of proteins:
an outer adhesion protein structure and an inner recognition ligand core. The power of the technique lies in its ability to pattern
any protein in any deﬁned geometry as well as to create arrays in parallel.
Copyright © 2009 Eric Stern et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1.Introduction
Bioactive surfaces consisting of patterned proteins in speciﬁc
deﬁned geometries are important for screening applications
[1], sensing [1–5], the study of cell-cell interactions [2, 6, 7],
and the creation of cellular networks [2, 5, 8–10] or cellular
aggregatesfortissueengineeringapplications[11,12].Along
sought after capability is the ability to fabricate patterned
surfaces with cellular-like interfacial features (e.g., cell recog-
nition, adhesion, and stimulatory ligands) to enhance cell-
substrate interactions. Such biomimetic approaches require
surface engineering with multiple chemical functionalities
to facilitate attachment of a variety of proteins and to
date, methodologies have been lacking in the robust pro-
duction of arrays with multiple functionalities. Although
surfaces capable of binding proteins at high densities are
commercially available [13], these slides are designed for
protein microarray screening and, in turn, require method
development if speciﬁc patterns are required.
Current molecular patterning techniques such as
poly(dimethylsiloxane) (PDMS) molding [9, 10, 14]a r e
harsh in their application, potentially compromising
surface functionality. Several groups have developed
photo- and chemically-sensitive materials for protein
patterning [5, 7, 15–17]; however, the techniques all require
noncommercially available molecules and most have not
yet been demonstrated to be capable of patterning multiple
bioactive proteins [15–17]. Novel patterning approaches
have also been developed, including microﬂuidic-directed
patterning [18] and dip-pen lithography (DPL) [3]. Despite
their promise in a number of applications, serial techniques
such as DPL are not currently suited for the creation of large
patterns and arrays and microﬂuidic patterning places strict
geometric limitations on patterns.
Here we present a novel, photolithographic-based
approach to create surfaces consisting of arrays of functional
patterned proteins that uses only commercially available
materials, as opposed to previously proposed methods
[7, 15–17, 19–21]. We demonstrate our approach with
a biomimetic structure inspired by the immunological
synapse, an immunologically complex structure that occurs
after lymphocytes encounter antigen-presenting cells [22].2 International Journal of Biomaterials
The interfacial geometry of this structure is characterized by
two concentric rings of proteins: an outer adhesion protein
structure and an inner recognition ligand core.
The spatial reorganization of molecules on the surface of
immune system cells such as T cells is a hallmark of early T-
cell responses to foreign invasion [22]. Following interaction
with antigen-presenting cells (APCs) this spatial reorganiza-
tion takes a speciﬁc form, termed an immunological synapse
(IS), which facilitates the encoding of information dictating
the magnitude of the immune response. The hallmark of
the mature IS is a “bulls-eye” pattern, which consists of
regions termed supramolecular activation clusters (SMACs)
[23–25].ThecentralSMAC(cSMAC)consistsofinteractions
between T-cell receptors (TCRs) on the T-cell and peptide-
loaded major histocompatibility complexes (pMHCs) on the
APC. The peripheral SMAC or pSMAC contains adhesion
and costimulatory ligands. Sensitivity is achieved because
clustering promotes a high avidity interaction in the cSMAC
[23–25]. Thus, creation of APC mimics on a surface would
not only facilitate the study of T cell-APC signaling but
may enable a recapitulation of sensitive sensing mecha-
nisms employed by T cells in recognition of antigen [6,
7].
Recently, the application of a specially synthesized pho-
toresist was demonstrated for the successful patterning of a
surface with IS-like domains [7]. Despite the utility of the
approach, this technique is not applicable for the forma-
tion of speciﬁc and precise patterned two-dimensional IS
structures as observed in biological interactions. A cellular-
repellant moiety such as poly(ethylene glycol) (PEG) cannot
be bound at the periphery of these stuructures, thus cells
adhere across the entire substrate rather than speciﬁcally at
the ISs, compromising the utility of the approach for speciﬁc
detection [26, 27].
We demonstrate here a method capable of patterning
functional antibodies and PEG in any deﬁned geometry
using only commercially available products. We use this
technique to create a patterned IS with one antibody con-
jugated in the central region and another in the peripheral
region of the IS, surrounded by poly(ethylene glycol) (PEG)
[26, 27]. Our method thus produces a surface with three
chemical functionalities, created by two successive steps of
traditional photolithographic patterning [28] followed by
functionalization with chemical cross-linkers. An attractive
feature of this method is that subsequent conjugations
to these groups with speciﬁc molecules after photoresist
removal was performed entirely in aqueous buﬀers, thus
protein functionality is not compromised.
2.MaterialsandMethods
2.1. Materials. Amine-functionalized microscope slides were
purchased from VWR (cat. no. 16001-008) and were cut
to 1in2 pieces using a diamond scribe. Photomasks were
purchased from Benchmark Technologies and Photo
Sciences, Inc and transparency photomasks were purchased
from CAD Art Services. All photoprocessing steps were
performed in a Class 1000 cleanroom (Harvard Center
for Nanoscale Systems). All chemicals used for cleanroom
processing were of cleanroom grade. The photoresist
used for all processing was AZ 5214-E (MicroChem), an
inverting resist. Glutaraldehyde, hydroxylamine, dimethyl
sulfoxide (DMSO), phosphate buﬀered saline (PBS),
ethylenedinitrilotetraacetic acid (EDTA), sodium cyano-
borohydride, the ﬂuorescein-5-isothiocyanate (FITC) con-
jugate of bovine serum albumin (BSA-FITC), and mouse
IgA were purchased from Sigma-Alrich; N-succinimidyl-S-
acetylthioacetate (SATP), N-(6-(biotinamido)hexyl)-3 -(2 -
pyridyldithio)-propionamide (biotin-HPDP), sulfosuccin-
imidyl acetate (NHS-acetate), N-hydroxysulfosuccin-
imide (NHS), and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) were purchased from Pierce
Biotechnology; amine-terminated poly(ethylene glycol)
(NH2-PEG; 10kDa) and aldehyde-terminated PEG (CHO-
PEG; 10kDa) were purchased from Polysciences, Inc; FITC,
AlexaFluor 568 hydrazide sodium salt (AlexaFluor 568),
AlexaFluor 568 C5 maleimide (AlexaFluor 568 maleimide),
streptavidin, and atto565-biotin were purchased from
Invitrogen. Mouse IgG was obtained from Equitech-Bio.
Antimouse-IgG-FITC was purchased from Zymed, Inc. All
other antibodies were purchased from BD Biosciences.
2.2. Alignment Mark Deposition. Liftoﬀ processing was used
to pattern metal alignment marks on the slides for subse-
quent photolithographic steps. Amine-functionalized slides
were cleaned with acetone and isopropanol (Baker Chemical
Co.) and dried with nitrogen. Photoresist (AZ 5214-E) was
spun on the slide at 3000 rpm using a Headway spinner. The
slide was then baked at 90◦C, exposed with the photomask
using an AB-M maskaligner, baked at 110◦C, and ﬁnally
ﬂood exposed. The slide was then developed in MF319
(MicroChem), washed with deionized water (DI; 18 MΩ),
and blown dry with nitrogen. The slides were then loaded
into a Sharon Systems Electron-Beam Evaporator, where a
100 nm titanium (99.9%, Kurt J. Lesker Co.) deposition
was performed. After unloading, the slide was sonicated in
acetone to remove the remaining photoresist, leaving only
the metal alignment marks. Subsequent patterning steps
followed the same procedure (without metal evaporation)
with the exceptions that the photoresist was spun at 5000
rpm and that acetone was used to remove the photoresist
without sonication.
2.3. Glutaraldehyde Conjugation. The slide containing the
ﬁrst layer of photoresist was treated for 1 hour at room
temperature (RT) with a 0.01M solution of glutaraldehyde
in 0.1M sodium acetate buﬀer, pH 5.5, with 1mM sodium
cyanoborohydride. Sodium cyanoborohydride was required
for reduction of the unstable imine (C=N) bond. For all
conjugation steps, the slides were placed face-up at the
bottom of a 100mL beaker with ∼10mLsolution (enoughto
completely immerse the slide in the solution) and the beaker
was covered with paraﬁlm and placed on a shaker table. After
each conjugation, the slide was removed, rinsed with DI,
and blown dry with nitrogen (note after protein conjugation
steps the slides were rinsed with PBS and not allowed to dry.International Journal of Biomaterials 3
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Figure 1: Sequence of photopatterning and chemical treatment steps for binding antibodies and PEG to create surface APC mimics. The
stepsarethoroughlydiscussedinthetext.Brieﬂy,Step 1showstheﬁrstlayerofphotoresistpatterningfollowedbysubsequentglutaraldehyde
conjugation to exposed amine (NH2) groups. Step 2 is the second photopatterning (following removal of the ﬁrst layer) with subsequent
thiol (SH) conjugation to exposed NH2 groups. In Step 3, PEG is bound to aldehyde (CHO) groups and free SH groups are biotinylated.
Step 4A demonstrates IgG conjugation to exposed NH2 groups and biotinylated-IgA binding to surface-bound streptavidin-Ac. Antibody
recognition of speciﬁc antigens enables ﬂuorescently conjugated antibodies to speciﬁcally bind active IgG and IgA. Step 4B shows a similar
binding of two ﬂuorescently-labeled IgGs, which create an artiﬁcial IS in this geometry.
2.4. SATP Conjugation and Deprotection. N-Succinimidyl-S-
acetylthiopropionate (SATP; 2mg) was dissolved in 0.5mL
DMSO, which was added to 9.5mL PBS and the slide
containing the second layer of photoresist was treated for 30
minutes at RT with this solution. After washing, the slide was
treated with a solution of 0.5M hydroxylamine and 25mM
EDTA in PBS, pH 7.4, for 2 hours at RT to deprotect the
sulfhydryl groups.
2.5. NH2-PEG Conjugation. Slides were treated with a 1%
(w/v) solution of NH2-PEG in PBS, pH 7.4, with 1mM
sodium cyanoborohydrate for 4–6 hours at RT.
2.6. Biotin-HPDP Conjugation. N-(6-(Biotinamido)hexyl)-
3-(2-pyridyldithio)-propionamide (Biotin-HPDP; 1mg)
was dissolved in 0.5mL of DMSO, which was added to
9.5mL of a 1mM solution of EDTA in PBS, pH 7.4. The slide
was treated with this solution for 1 hour at RT. We obtained
more repeatable results when the biotin-HPDP conjugation
followed that with NH2-PEG.
2.7. Fluorescent Antibody Conjugate Preparation.
Mouse IgG, biotinylated-mouse IgA, antimouse IgG-
FITC, and anti-LFA-1-FITC were used as received.
Antimouse-IgA was dissolved to 1mg/mL in PBS, pH
7.4, AlexaFluor 568 hydrazide was added to achieve
a ﬁnal concentration of 0.1mg/mL, and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC)
was added at 10mg/mL. The reaction proceeded for 1 hour
at RT with shaking and protected from light. A 50mL4 International Journal of Biomaterials
(a) (b) (c)
(d) (e)
Figure 2: Fluorescent micrographs demonstrating conjugation of coupling molecules to patterned surfaces. Panels are described in detail
in the text; brieﬂy functionalization with (a) aldehyde groups, (b) sulfhydryl groups, (c) biotin molecules, and ((d) and (e)) proteins are
illustrated. The patterned squares in all micrographs are 25 ×25μm2 and the white scale bars represent 10μm.
Amicon Ultra (Millipore, cat. #UFC905024) centrifugal
ﬁlter tube with a 50000MW cutoﬀ was used to remove
unconjugated dye (4 30-minute spins at 3000rpm at 4◦C)
and the resulting antimouse-IgA-AlexaFluor568 was diluted
to 1mg/mL. The same procedure was used for AlexaFluor
568 conjugation to biotinylated-anti-CD3ε.C o n j u g a t e sw e r e
stored at 4◦C.
2.8. NHS/EDC Coupling. Mouse IgG or anti-LFA-1-FITC
was dissolved to 10μg/mL in PBS with 10mg/mL EDC
and 5mg/mL N-hydroxysulfosuccinimide (sulfo-NHS) and
reacted with the slide for 1 hour at RT. Washes with protein
bound on the chip took place in PBS and the slides were not
dried.
2.9. Streptavidin-Ac Preparation. Acetylated streptavidin was
used because we found this protein to minimize non-
speciﬁc binding on the PEG surface (as compared with
pure streptavidin, avidin, and neutravidin). To prepare the
acetylated streptavidin, 5mg/mL (sulfosuccinimidyl acetate)
NHS-acetate was added to 1mg/mL streptavidin in PBS,
pH 7.4. The reaction proceeded for 1 hour at RT and
the streptavidin conjugate was puriﬁed using a 50mL
Amicon Ultra centrifugal ﬁlter tube with a 10000MW cutoﬀ
(4 30-minute spins at 3000rpm at 4◦C). The conjugate
(streptavidin-Ac) was stored at 4◦C.
2.10. Streptavidin-Ac Conjugation. The slides were treated
with 10μg/mL streptavidin-Ac in PBS, pH 7.4, for 1 hour
at RT. This conjugation does not aﬀect biotin binding at the
concentrations used in this work.
2.11. Biotinylated Antibody Conjugation. Biotinylated-
mouse IgG or biotinylated anti-CD3ε-AlexaFluor568 were
dissolved to 50μg/mL in PBS and reacted with the slide for
1 hour at RT (the latter was protected from light). When
this reaction was completed, slides treated with anti-LFA-
1-FITC and biotinylated-anti-CD3ε-AlexaFluor 568 were
dried (gently) and viewed under a ﬂuorescent microscope
(Olympus IX81, equipped with the Carv-II unit from BD
Biosciences). The low-intensity areas in the bottom of some
images (notably Figure 3(d)) are due to the directional
nature of the stream of air during this drying step.
2.12. Immunoactivity Study. Slides containing mouse IgG
and biotinylated-mouse IgA were treated with a PBS, pH
7.4, solution containing 50μg/mL antimouse-IgG FITC and
50μg/mL antimouse-IgA-AlexaFluor 568 for 1 hour at RT.
These slides were subsequently dried (gently) and viewed
under a ﬂuorescent microscope.
3. Preparationof Isolated ISs
3.1. Surface Chemistry Demonstrations. In Figure 1 (Step 1),
photoresist spun on amine-functionalized microscope slides
was patterned and the exposed amine groups were converted
to aldehydes with glutaraldehyde. Subsequent removal of
the photoresist left a slide with two functionalities, with
the aldehydes deﬁning areas between the ISs. SuccessfulInternational Journal of Biomaterials 5
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(d) (e) (f)
Figure 3: Fluorescent micrographs showing bound antimouse IgG-FITC ((a), (d); GFP ﬁlter), bound antimouse IgA-AlexaFluor568 ((b),
(e); TRITC ﬁlter), and an overlay of both channels ((c), (f)). The white scale bars represent 10μm. The images are from two representative
patterns of diﬀerent dimensions fabricated in parallel on the same chip. Experiments were repeated three times with similar results.
glutaraldehyde conjugation was ﬁrst demonstrated using a
transparency photomask consisting of an array of 25 ×
25μm2 squares (clear on a dark background), followed by
gluaraldehydetreatment.Aldehydefunctionality wasthereby
conferred to all areas of the chip but these squares. The
photoresist was subsequently removed and the slide was
treated with aldehyde-reactive PEG (NH2-PEG). After sub-
sequent treatment with ﬂuorescein-5-isothiocyanate (FITC),
a ﬂuorescent amine-reactive probe, the slides were ﬂuores-
cently imaged under a GFP ﬁlter (Figure 2(a)). The square
ﬂuoresces due to the conjugation of FITC to the amine
surface but the formation of an amide bond between the
surface aldehyde and free amine of the NH2-PEG prevents
FITC binding in areas surrounding the square.
In Step 2, a second photoresist layer was applied and
patterned and the available amine groups were reacted
with SATP, resulting in the conversion of exposed amine
groups to protected thiols [29]. Photoresist removal with
acetone followed by thiol deacetylation with hydroxylamine
thus resulted in a slide with three chemical functionalities,
where the thiols deﬁned the cSMAC and the remaining
amines deﬁned the pSMAC. In order to demonstrate
successful SATP conjugation, slides were photopatterned
with a transparency mask consisting of an array of 25 ×
25μm2 squares (dark on a clear background) followed
by SATP conjugation and subsequent deprotection. This
resulted in the presence of sulfhydryl groups only in the
squares. The photoresist was then removed and slides were
treated with amine-reactive PEG (CHO-PEG). A sulfhydryl-
reactive ﬂuorescent probe (AlexaFluor 568 maleimide) was
then conjugated to the slides and subsequent ﬂuorescent
imaging using a TRITC ﬁlter showed that the high ﬂu-
orescence intensity was conﬁned to the squares, demon-
strating that sulfhydryl groups are present in these areas
(Figure 2(b)).
As shown in Step 3, in order to eliminate nonspeciﬁc
adsorption of cells to nonsynaptic regions of the slide, NH2-
PEG (10kDa) was conjugated to the exposed aldehydes.
Next, biotin-HPDP was conjugated to the thiols in the
cSMAC region, thereby biontinylating this area and ready-
ing the slide for protein conjugation [29]. Biotin-HPDP
conjugation was demonstrated by processing slides with
a transparency mask containing an array of 25 × 25μm2
squares (dark on a clear background), followed by SATP
conjugation and deprotection. After photoresist removal
slides were treated with CHO-PEG, followed by biotin-
HPDP. The slides were then treated with acetylated strepta-
vidin (streptavidin-Ac), followed by treatment with atto565-
biotin, a ﬂuorescently conjugated biotin molecule. Slides
wereﬂuorescentlyimagedunderaTRITCﬁlter(Figure 2(c)).
As in Figure 2(b), the high ﬂuorescence intensity is conﬁned
to the square, demonstrating the successful conjugation of
biotin-HPDP to the sulfhydryl groups, as well as subsequent
streptavidin-Ac and atto565-biotin binding.
3.2. Protein and Antibody Conjuation. Protein conjugation
to slides using EDC/sulfo-NHS coupling [29]( S t e p4 A )
was demonstrated by processing slides with a transparency
mask containing an array of 25 × 25μm2 squares (dark
on a clear background), followed by SATP conjugation and
deprotection. After photoresist removal, slides were treated
with biotin-HPDP, as described above. BSA-FITC was then6 International Journal of Biomaterials
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(d) (e) (f)
Figure 4:Fluorescentmicrographsshowingboundanti-LFA-1-FITC((a),(d);GFPﬁlter),boundanti-CD3ε-AlexaFluor568((b),(e);TRITC
ﬁlter), and an overlay of both channels ((c), (f)). The white scale bars represent 5μm. The images are from two representative patterns of
diﬀerent dimensions fabricated in parallel on the same chip. Experiments were repeated three times with similar results.
added to the chip with 10mg/mL EDC and 5mg/mL sulfo-
NHS. The slides were then treated ﬁrst with streptavidin-
Ac and next with atto565-biotin. Fluorescence imaging
was performed with both GFP (Figure 2(d))a n dT R I T C
(Figure 2(e)) ﬁlters (images are from the same array point).
The high ﬂuorescence intensity in the region surrounding
the square in Figure 2(d) indicates that BSA-FITC binding
was conﬁned to this region, while the high ﬂuorescence
intensity in the square in Figure 2(e) shows that atto565-
biotin binding was conﬁned to this region.
We next demonstrated the ability of this approach to
pattern the surface with functional antibodies (Step 4A).
We ﬁrst conjugated mouse-immunoglobulin G (IgG) [30]
to the exposed amine groups through standard EDC/sulfo-
NHS chemistry. The slide was then treated with acetylated
streptavidin and subsequently with biotinylated mouse-
immunoglobulin A (IgA). Unlike other patterning tech-
niques [15–17], our approach does not require the presence
of blocking agents during the ﬁnal conjugation steps.
The slide was next incubated with an FITC conjugate
of antimouse-IgG and an Alexa Fluor 568 conjugate of
antimouse-IgA, washed, and imaged. The ﬂuorescent micro-
graphs in Figure 3 demonstrate the functionality of the
conjugated antibodies as well as their segregation into
diﬀerent regions dictated by the surface functional groups.
This also enables the creation of arrays of patterns with
varying absolute and relative dimensions.
Thischemistrycanbeutilizedtofunctionalizeslideswith
physiologically relevant antibodies to mimic the IS. For this
purpose we chose antibodies to two ligands known to be
sequestered in the IS: an antibody to leukocyte function-
associated antigen 1 (anti-LFA-1) as the adhesion promoter
for the pSMAC and an antibody to the ε subunit of cluster
of diﬀerentiation 3 (anti-CD3ε), a well-established T-cell
stimulus, for the cSMAC [7, 25]. As shown in Step 4B of
Figure 1, antimouse-LFA-1 (FITC conjugate) was coupled
to the free amines in the pSMAC region, followed by
treatment of the slide with biotinylated antimouse-CD3ε
(AlexaFluor 568 conjugate), which bound the streptavidin
in the cSMAC (Figure 4). We chose to use streptavidin as
the linker chemistry in the cSMAC because biotinylated T-
cell stimuli (pMHCs and antibodies) are readily available.
The dimensions of the SMAC mimics shown in Figure 4 are
similar to those of T cells [23–25]. The protein patterns were
stable for >2 months when slides were stored in PBS at 4◦C.
4. Conclusions
The power of this technique is its simplicity of imple-
mentation and ability to create massive arrays in parallel
of speciﬁcally-deﬁned two-dimensional protein patterns
without the need for blocking agents during conjugation
steps, enabling cell patterning and the study of cellular
interactions. Although we focused on the formation of
surface SMAC mimics, any geometry is easily realized—
much like integrated circuits—by designing and using a
speciﬁc photomask set. Additionally, by combining this
approach with that of microarray printing [13], arrays
can be created in which each element contains a diﬀerent
functionality, enabling high-throughput screening.
Supporting Information Available. An alternative route
to surface IS functionalization is given in addition to two
ﬁgures, one a schematic describing the method and a secondInternational Journal of Biomaterials 7
showing ﬂuorescent optical micrographs of representative
ISs patterned using the approach.
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